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Differential cross sections for the process n~p —> -yn have been measured at Brookhaven National 
Laboratory's Alternating Gradient Synchrotron with the Crystal Ball multiphoton spectrometer. 
Measurements were made at f8 pion momenta from 238 to 748 MeV/c, corresponding to E 7 for the 
inverse reaction from 285 to 769 MeV. The data have been used to evaluate the jn multipoles in the 
vicinity of the JV(1440) resonance. We compare our data and multipoles to previous determinations. 
A new three-parameter SAID fit yields 36 ± 7 (GeV)" 1/2 x 10" 3 for the A\ amplitude of the P u . 
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PACS numbers: 25.20.Lj, 13.60.Le, 25.40.Lw 



I. INTRODUCTION 

The study of the light baryon resonances, in particu- 
lar the determination of their electromagnetic couplings, 
is undergoing a resurgence driven by a stream of new, 
high-precision data emanating from experimental pro- 
grams at modern photon facilities. The main properties 
of the A(1232) resonance, the mass, pole value, mass 
splittings, width, and branching ratio for different decay 
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modes are now reasonably well known. In addition, there 
are data on the deformation from a spherical shape, the 
E2/M1 ratio, and the magnitude and sign of the mag- 
netic dipole moment of the A ++ (1232). In comparison 
with this, the properties of the lightest N* resonance, 
the iV(1440), are much more uncertain. The Crystal 
Ball baryon-resonance program at Brookhaven National 
Laboratory's (BNL) Alternating Gradient Synchrotron 
(AGS) is providing much needed data on the iV(1440) 
resonance via new, precision measurements of 7, ir°, and 
2-7T production in ir~p interactions. These data will per- 
mit new, state-of-the-art coupled-channel analyses to be 
performed. This article presents results of the ir~p — > jn 
measurements. 

The iV(1440), often called the Roper resonance, has the 
quantum numbers of the nucleon ground state, /, J p = 
i , i + . The lightness of the mass is somewhat of a sur- 
prise, as several models, including the relativized quark 
model for baryons imply that the lowest mass states 
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are the iV(1520)f and 7V(1535)± . A better under- 
standing of the Roper resonance is particularly impor- 
tant as its radiative decay width is larger than predicted. 
This has led to a number of theoretical speculations con- 
cerning its underlying structure. The Roper resonance 
could be a radial excitation of the nucleon [lj or a hybrid 
state consisting of three quarks and a gluon 0. In an 
algebraic framework for the description of baryons, Bi- 
jker, Iachello, and Leviatan studied a collective string- 
like model to obtain masses and electromagnetic cou- 
plings ||. Modern lattice-gauge calculations with con- 
strained curve-fitting techniques are also now being used 
to study the Roper resonance 0. Recently it was conjec- 
tured that the Roper resonance might be a pentaquark 
state and a member of an antidecuplet ||. The classi- 
fication of the Roper resonance as an antidecuplet was 
alreadyproposed by Lovelace [|| back in 1965. Don- 
nachie 7;] suggested a simple test for this hypothesis. By 
using U-spin conservation one can easily show that the 
radiative decay of the charged Roper resonance is not al- 
lowed: iV(1440) /> jp; however, the radiative decay of 
the neutral Roper resonance is allowed: ^(1440) — > 777. 
The extracted 777 and 72? decay amplitudes are not small 
(see Table HJ, which does not support the conjecture Q 
that the Roper resonance is a member of an antidecuplet. 

The radiative decay width of the charged Roper res- 
onance is readily extracted from n + and ir° photopro- 
duction on a proton. The radiative decay width of the 
neutral state may be extracted from ir~ or ir° photo- 
production off a neutron, which involves a bound neu- 
tron target (typically the deuteron) and requires the use 
of a model-dependent nuclear correction. As a result, 
our knowledge of neutral resonance decays is less precise 
than of the charged ones. An example is given by the 
Roper resonance photon-decay amplitudes listed in Ta- 
ble |U The PDG listings assign a 25% uncertainty to the 
Roper resonance 771 amplitude, while a 6% uncertainty 
is assigned to the jp amplitude. The associated photo- 
production multipoles are plotted in Fig. ^ Both the "fp 
and 771 multipoles have sizable uncertainties at the ener- 
gies that correspond to the formation of the broad Roper 
resonance. 

The existing photoproduction database contains a 
large set of 771 — > 7r~p differential cross sections. Many 
of these are old bremsstrahlung measurements with lim- 
ited angular coverage. In several cases, the systematic 
uncertainties have not been quoted. An accurate treat- 
ment of final-state interaction (FSI) effects for the pion 
photoproduction reactions on the deuteron, jd — > ir~pp 
and — ► ir°np, is essential for the extraction of the spin- 
flip part of the photoproduction amplitudes. In addition, 
the photon decay amplitudes for the iV(1440) resonance, 
are similar in magnitude and opposite 
in sign, suppressing the impulse-approximation contri- 
bution to the 7c? — > Tt~pp reaction. As a result, diagrams 
involving meson rescattering give a significant contribu- 
tion to the full amplitude. 

The radiative decay of the neutral Roper resonance can 



TABLE I: iV(1440) resonance couplings from a Breit- 
Wigner fit to the recent GW-SAID-2002 single-energy so- 
lution [GW02] 0, the previous solution SM95JVPI95] 0, 
the analysis of Crawford and Morton [CM83] flCll . Crawford 
[CR01] 03, Drechsel et al. [MAID98] O, [MAID03] 111, 
the coupled-channels fit of Niboh and Manley [KSU97] |l4j|. 
GW-CC coupled channels calculation[BENN03] [l|, the av- 
erage of Feuster and Mosel [FM99J |l6« , the average from the 
Particle Data Group [PDG02] |17|| . and quark model predic- 
tions by Capstick [CAP92] Q. Units are (GeV) _1/2 x 10 -3 . 
None of these include the results of this paper. 
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also be obtained from the measurements of the inverse tt 
photoproduction reaction 



7r p 



777. 



(1) 



which we will call REX for Radiative EXchange. This 
process is free from complications associated with the 
deuteron target. However, the disadvantage of using this 
reaction is the high background from the 5 to 500 times 
larger cross section for 



7T p 



7r°n 



7771, 



(2) 



called CEX for Charge EXchange. The Crystal Ball (CB) 
multiphoton spectrometer allows us to make a good mea- 
surement of the REX reaction with the reliable subtrac- 
tion of the CEX-reaction background. These considera- 
tions motivated the measurement of inverse pion photo- 
production cross sections (E913) 18] by the CB Collab- 
oration at the BNL-AGS. 

An extensive set of measurements over the energy 
range associated with the Roper resonance is essential to 
validate the existing multipole analyses from which the 
radiative widths are extracted, and to test the consis- 
tency of data that have been obtained with a deuterium 
target. We report here on the determination of the dif- 
ferential cross section for 



777 — > 7T p 



(3) 



from a measurement of the inverse reaction at 18 incident 
7r~ momenta from 238 to 748 MeV/c. This range corre- 
sponds to E 1 from 285 to 769 MeV for the inverse pro- 
cess, covering the region most sensitive to the iV(1440) 
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FIG. 1: M ± _ multipoles in attometers (1 am = 10" is m). Solid (dashed) curves give the real (imaginary) parts of amplitudes 
corresponding to the GW SM02 solution ||- The real (imaginary) parts of GW single-energy solutions are plotted as filled 
(open) circles. The MAID solution |l3j| is plotted with long dash-dotted (real part) and short dash-dotted (imaginary part) 



lines. Plotted are the multipole amplitudes (a) P M^_ and (b) „Mj^. The subscript p (n) denotes a proton (neutron) target 
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resonance; it effectively doubles the database for the ir~ 
photoproduction reaction. In Section [V] we discuss our 
analysis of the differential cross sections. The results of 
this experiment are presented in Section IVfl We summa- 
rize our findings in Section IVIII 



II. EXPERIMENTAL SET-UP 

Our measurements of 7r~p — ► ^yn were made at BNL 
with the CB detector, which was installed in the AGS 
C6 beam line. The CB consists of 672 Nal(Tl) crystals, 
each shaped like a truncated triangular pyramid. The 
crystals are optically isolated from their neighbors and 
arranged in two hemispheres with an entrance and exit 
tunnel for the beam and a spherical cavity in the center 
for the target. The CB covers 93% of Air steradians. 

The experiment was performed with a momentum- 
analyzed beam of negative pions, incident on a 10-cm- 
long liquid hydrogen (LH2) target located in the center 
of the CB. The beam spread a p /p at the CB target was 
about 1%. The uncertainty in the mean momentum of 
the beam spectrum at the target center was 2-3 MeV/c. 

The pulse height in each crystal was measured us- 
ing a separate ADC. For registering timing information, 
we used a TDC on every minor triangle, which is a 
group of nine neighboring crystals. The typical energy 
resolution for electromagnetic showers in the CB was 
AE/E = 0.020/[.E(GeV)] - 36 . Showers were measured 
with a resolution in 9, the polar angle with respect to the 
beam axis, of <7g = 2°-3° for photon energies in the range 
50-500 MeV, assuming that the photons were produced 
in the center of the CB. The resolution in azimuthal angle 
(j) is <7q / sin#. 

The CB event trigger required a beam trigger in coin- 
cidence with a neutral event trigger, which included the 
requirement that the total energy deposited in the CB 



crystals exceeded a certain threshold. The beam trigger 
was a coincidence between three scintillation counters lo- 
cated in the beam line upstream of the CB. The neutral 
event trigger required that the CB event trigger signals 
were in anti-coincidence with signals from a barrel of scin- 
tillation counters surrounding the target. 

A more detailed description of the CB detector and the 
data analyses can be found in Refs. [Tsl IT9II20I l2l| . 



III. DATA ANALYSIS 

To select candidates for the 7r~p — > 771 reaction, we 
used the neutral 1- and 2-cluster events, where we as- 
sumed that one of the clusters was due to a photon elec- 
tromagnetic shower in the CB. A "cluster" is defined to 
be a group of neighboring crystals in which energy is 
deposited from a single-photon electromagnetic shower. 
The software threshold of the cluster energy was 14 MeV. 
For a 1-cluster event, the missing particle was assumed 
to be the neutron. For 2-cluster events, one of the clus- 
ters was assumed to come from a neutron interaction in 
the CB. The efficiency of the CB for neutrons has been 
found in a separate test to vary from to 30% depend- 
ing on the energy of the neutron In this experiment 
we used a lower cluster threshold (14 MeV) than in the 
test run (20 MeV) which increased our maximum neutron 
detection efficiency to 45%. 

Since the REX cross section is small, the handling of 
the background is important. There are two kinds of 
background that must be subtracted from the n~p — > 777 
event sample. The principal background comes from the 
CEX reaction, when one of the two photons from tt° de- 
cay is not detected in the CB. Note that the total cross 
section for the CEX reaction is about two orders of mag- 
nitude larger than for the REX reaction 0, The 
effect of this background process was estimated by deter- 
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mining the probability for Monte Carlo simulated CEX 
events to be misidentified as ir~p — > 771 candidates. The 
input needed for the simulation of this background is the 
ir~p — > ir°n differential cross section that we have mea- 
sured at each beam momentum in the same experiment. 
The fraction of events that are due to the CEX back- 
ground depends mainly on the ratio of the production 
rates for the two processes. In the range of energies and 
angles reported in this article, this fraction varies from 
27% at our lowest momentum, 238 MeV/c, to 59% at our 
highest momentum, 748 MeV/c. 

Other sources of background are due to processes that 
are not pion interactions in the liquid hydrogen of the 
target. The main contributions to this background are 
from beam pions that decayed or scattered before reach- 
ing the target, or interacted in the material surrounding 
the target. This background was investigated in runs 
taken with an empty target. The fraction of events that 
are due to the so-called "empty-target" background is of 
the order of a few percent, except at some extreme back 
angles. 

All 1- and 2-cluster events were subjected to a kine- 
matic fit to test the hypothesis of process {Q , while all 2- 
and 3-cluster events were tested for the hypothesis of pro- 
cess (j2J- The kinematic fit has four main constraints (4- 
C) based on energy and 3-momentum conservation. The 
hypothesis for the CEX reaction has a fifth constraint 
that requires the invariant mass of the two photons to 
be the known 7r°-meson mass. The measured parameters 
in the kinematic fit included five for the beam particle 
(momentum, angles 9 X and 9 y , and position coordinates 
x and y in the target) and three for each photon clus- 
ter (energy, angles and cj>). When the missing particle 
was the neutron, its energy and two angles were free pa- 
rameters in the fit. For the neutron detected in the CB, 
the neutron angles were used as the measured parame- 
ters. In the case of the CEX reaction, the z-coordinate 
of the primary vertex was a free parameter in the kine- 
matic fit. Since the effective number of constraints is 
reduced by the number of free parameters of the fit, for 
the CEX reaction we have a 1-C (3-C) fit for 2-cluster (3- 
clustcr) events. For the 1-cluster REX events we could 
not use the z-coordinate of the vertex as a free parame- 
ter in the fit because the effective number of constraints 
would have been zero. To overcome this problem, the z- 
coordinate was considered to be a "measured" parameter 
in the fit, with the mean equal to the center of the target 
and the variance one third of the target thickness. For 
the 1-cluster events, we had a 1-C fit. The 2-cluster REX 
events have the neutron detected in the CB and thus the 
z-coordinate can be a free parameter in a 2-C fit. 

The confidence level (C.L.) of the kinematic fit was 
used to select the REX candidates. The 1-cluster events 
that satisfied the hypothesis above the 10% C.L. (i.e., 
with a probability greater than 10%) were accepted as 
%~p — > jn candidates. The selection of 2-cluster REX 
events was performed in two steps. In the first step, the 
neutron information was used in the fit. This was neces- 



sary to suppress the large background from the CEX re- 
action. Those events that satisfied the hypothesis above 
the 1% C.L. proceeded to the second step in which the 
neutron information was omitted from the fit, and the 
event was treated in the same way as the 1-cluster case. 
Since the kinematic fit output is used for further anal- 
ysis, this approach allows the 1- and 2-cluster events to 
have the same resolution for the photon production an- 
gle. In further analysis, we considered only the sum of 1- 
and 2-cluster events. This summation cancels problems 
associated with the small difference between the real and 
simulated events in the neutron response in the CB. 

To select the CEX reaction events detected in the CB, 
we applied just a 2% C.L. criterion to hypothesis (J2J 
for 2- and 3-cluster events. Similar to the n~p — > 777, 
selection, we added the 2- and 3-cluster events together. 
The only background that had to be subtracted was the 
empty-target one. The typical fraction of events due to 
this background was about 5%. 

A Monte Carlo (MC) simulation of reaction was 
performed for each momentum according to the phase- 
space distribution (i.e., with isotropic production angu- 
lar distribution). The CEX reaction was simulated twice, 
once according to phase-space and once according to the 
shape of the differential cross sections that were deter- 
mined in this experiment for each momentum. The simu- 
lation was made for every momentum by using the experi- 
mental beam-trigger events as input for pion-beam distri- 
butions. The MC events were then propagated through a 
full GEANT (version 3.21) simulation of the CB de- 
tector, folded with the CB resolutions and trigger condi- 
tions, and analyzed in the same way as the experimental 
data. 

The average detection efficiency for 7r~p — » 771 events 
generated according to phase space varied between 57% 
and 61% depending on the beam momentum and other 
experimental conditions. The values are slightly less than 
the geometrical acceptance of the CB for REX. The losses 
due to the exit hole in the CB are aggravated by the for- 
ward boost of the final-state photon in the laboratory 
system. Photon interactions in the beam pipe and in 
the barrel of scintillation counters surrounding the tar- 
get also contribute to the loss of events. According to 
the simulation, the average probability for a photon not 
to pass the neutral trigger is about 6%. Finally, some de- 
crease in the acceptance occurs due to the selection cuts 
used for the background suppression. 



IV. THE NUMBER OF EFFECTIVE BEAM 
PIONS AND TARGET PROTONS 

In addition to the determination of the number of 
initially produced REX and CEX events, the cross- 
section calculation needs the total number of beam pi- 
ons, N^-, incident on the target and the effective num- 
ber of hydrogen atoms in the target. The LH2 target 
has a cylindrical shape along the beam direction and 
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has hemispherical endcaps. The maximum target thick- 
ness along the beam axis is 10.57 cm. The hemisphere 
radius is 7.62 cm. The effective hydrogen density for 
the LH2 conditions calculated in units of (mb-cm) -1 is 
The effective number of hydrogen 
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pgS = 4.248 x 10- a 



atoms is -/V™ 



Eff 
PLH, 



x III 



where Z^h i s the effec- 



tive thickness of the LH2 target for the tt~ beam passing 
through the entire target. This effective thickness was 
determined by a MC simulation, where the real beam- 
trigger events were used for calculating the average path 
length through the target. Taking into account the spa- 
tial distribution of the beam at different momenta, the 
effective number of hydrogen atoms in the LH2 target is 
jVEff = (4.05 ± 0.08) x 10~ 4 rnb -1 . 

The calculation of N n - involves several corrections 
that take into account the scattering and the decay of 
pions, and also the contamination of the pion beams by 
muons and electrons j2^| . The decay and scattering of the 
beam pions were taken into account by simulation. The 
real beam-trigger events were used as input for this simu- 
lation. The trajectory information for the beam particles 
was measured by the drift chambers located in the beam 
line. For beam momenta below 350 MeV/c, the beam 
contamination by muons and electrons was measured by 
time-of- flight (TOF). There are several measurements of 
the CEX reaction in this energy range; a comparison 
of our CEX results with the existing data showed good 
agreement |2(| . At all momenta, the electron contamina- 
tion was also investigated by using a Cerenkov counter 
located in the beam downstream of the CB. However, our 
CEX results based on the Cerenkov counter information 
fell below the existing data. Since we relied entirely on 
the Cerenkov counter above 350 MeV/c, another normal- 
ization method was used in our analysis. 

The normalization of all LH2 data sets with beam mo- 
menta above 350 MeV/c was made by remeasuring the 
CEX reaction with solid CH2 targets. For the CH2 mea- 
surements, the beam control was optimized to diminish 
uncertainties in the number of pions incident on the tar- 
get. In Fig. Ufa), we show our LH2 results for the CEX 
reaction at p n - = 238 MeV/c. These results are obtained 
by using the beam information taken with the LH2 tar- 
get. In Fig. IHb,c), we illustrate the normalization of 
the LH2 data at p^- = 550 and 691 MeV/c to the cor- 
responding CH2 spectra. To exclude the effect of low 
acceptance in the forward angles, we used only the an- 
gular region cos#* < 0.6 for the normalization. More 
details about the beam normalization of the LH2 data 
can be found in Ref. [2]]]. In Fig.|21we also show the cor- 
responding SAID 23] FA02 partial-wave analysis (PWA) 
of the existing data. 



V. DETERMINATION OF THE n ~p -> 771 
DIFFERENTIAL CROSS SECTIONS 

Figure illustrates our procedure for determining the 
differential cross section of reaction {Q for our lowest 
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FIG. 2: The differential cross section for 7r p — > 7v { n at an 
incident tt" momentum of (a) 238 MeV/c, (b) 550 MeV/c, 
and (c) 691 MeV/c. The LH 2 data (filled circles) at 550 and 
691 MeV/c are normalized to the central part of the CH2 
spectra (open triangles). Solid lines show the GW SAID FA02 
predictions [23|. Previous measurements p^l are shown as 
open circles. 



beam momentum, 238 MeV/c. Each distribution in the 
figure is shown as a function of cos 9* , where 8* is the an- 
gle between the photon (or ir°) direction and the beam 
direction in the ir~p center-of-mass (cm.) system. In 
Fig. Ofa) , one can see the experimental distribution for 
all events selected as it~p — > 771 candidates. The empty- 
target background distribution is shown in Fig. |2Ib). It 
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FIG. 3: The cm. cos#* distributions for the production angle of the photon from ir~p — > yn and the ir° from ix~p — > 7r°n at 
p x - = 238 MeV/c: (a) the experimental candidates for n~p — > yn; (b) the empty-target events selected as n~p — > yn; (c) 
the REX candidates after the empty-target background subtraction; (d) the experimental CEX events; (e) the MC simulation 
for CEX events; (f) the CEX MC-simulation events misidentified as REX; (g) the REX events after both the empty-target 
and the CEX-background subtractions; (h) acceptance for n~p — > yn; and (i) the differential cross section for n~p — > yn. 



can be seen that the largest contamination occurs at 
backward angles due to the decay of pions in the beam. 
The distribution remaining after the empty-target back- 
ground subtraction is shown in Fig- Et c )- The subtrac- 
tion of this background was made with a weight equal 
to the ratio of the number of incident pions for the full 
and the empty targets, respectively. This ratio varies 
from 2 to 5 depending on the relative beam on tar- 
get of the full- and empty-target runs at each momen- 
tum. In Fig. Eld), we show the experimental distribu- 
tion of the events selected as the CEX reaction after the 
empty-target background subtraction. In Fig. GJc), one 
can see the CEX distribution reconstructed for 2 x 10 6 
ir~p — ► 7r°n events simulated according to our differen- 
tial cross section obtained for this reaction at the given 
momentum. The CEX background in the 7r~p — » yn 



events is shown in Fig. IHJf)- It was obtained from the 
simulated CEX events that survived the selection crite- 
ria for reaction (Q. This background looks somewhat 
similar to the CEX distribution itself; however, the av- 
erage probability for the CEX events to be misidenti- 
fied as Ti~p — > yn is about 0.8%. The cos 9* distribu- 
tion remaining after both the empty-target and the CEX 
background subtractions is shown Fig. OJg) . The CEX 
background subtraction was made with a weight equal 
to the ratio of the CEX events reconstructed from the 
data and from the MC simulation. The acceptance for 
the tt~p — > yn reaction at p n - — 238 MeV/c is shown 
in Fig. |3{h) . This acceptance is about 75% for the cen- 
tral angles and drops in the forward and backward di- 
rection. Finally, the resulting differential cross section of 
reaction at p^- — 238 MeV/c is shown in Fig. 
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in units of /ub/sr. To calculate the acceptance-corrected 
cos 9* spectrum in these units, the number of events in a 
particular bin of the spectrum was multiplied by the fac- 
tor 1000/(2tt x N„- x iVj™ x Acos0*), where A cos 6^ 
is the bin width. The uncertainties in all distributions 
shown in Fig. [3] are statistical only. 

The same procedure was carried out at each of our 
18 beam momenta. To illustrate the determination of 
differential cross sections at higher momenta, we show 
in Figs. 0] and [S] similar distributions for p v - = 550 and 
691 MeV/c. Note that increasing the beam momentum 
results in an increased probability for the CEX events 
to be misidentified as ir~p — > jn; at p^- = 550 and 
691 MeV/c it is about 5%. 

The main sources of experimental uncertainty are: (i) 
the background subtraction, (ii) the acceptance correc- 
tion, and (hi) the normalization procedure. 

The uncertainty in the background subtraction has two 
components: the subtraction of CEX events that pass the 
REX event selection and the beam-related background. 



The uncertainty in the CEX cross section was estimated 
to be about 5% which includes the addition in quadra- 
ture of the uncertainty of ~ 4% based on the compari- 
son of the SAID PWA results for the CEX reaction and 
our measured differential cross section, an uncertainty of 
~ 3% for central values of cos0* of the CEX angular 
distribution, and an uncertainty of ~ 2% in the normal- 
ization of the LH2 data relative to the CH2 data. The 
final uncertainty due to this factor varies with the mag- 
nitude of the point by point subtraction of CEX events 
that are misidentified as REX events; it is largest at back- 
ward and/or forward angles (depending on beam energy) 
where the subtraction is large (yielding an uncertainty of 
a few percent) and is smallest at central angles where the 
subtraction is small (yielding and uncertainty of a frac- 
tion of a percent). Similarly, the uncertainty in the rela- 
tive normalization of the the beam-related empty-target 
background is ~ 3% and has a larger effect at backward 
angles (several percent) than at central to forward angles 
(about a percent). The uncertainty in the REX differen- 
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COS0* r 

FIG. 5: Same as Fig.^Jbut for p n - = 691 MeV/c. 



cosG* r 



tial cross section due to these factors is determined bin by 
bin by obtaining cross sections in the standard manner 
and then with each background increased by its uncer- 
tainty. 

The acceptance is flat over most of the angular range 
with an uncertainty at the ~ 1% level at all but the most 
forward angles, where the value for the acceptance drops 
off rapidly and the relative uncertainty approaches a few 
percent. The uncertainties due to the background sub- 
tractions and acceptance corrections are angle dependent 
and are included in the uncertainties reported for the 
points listed in Tables II - IV. 

The overall normalization uncertainty in our REX re- 
sults of ~ 5% is mainly due to the estimated uncertainties 
described above for the measured CEX cross section at 
the central values for its angular distribution, the esti- 
mated uncertainty in the SAID CEX cross section, and 
uncertainty in the normalization of the LH2 data relative 
to the CH2 data. This total systematic uncertainty is not 



included in the figures and tables. 

VI. RESULTS FOR jn -> ir~p 

The complete collection of the results of our experi- 
ment on da I dfl(n~ p — > jn) are given in the thesis by 
Shafi (3 • Here, we present our data converted to the 
inverse process. This facilitates the comparison with the 
numerous data sets that exist for ir + and ir° photopro- 
duction on a hydrogen target. Assuming time-reversal 
invariance, the radiative n~p capture is related to 7r~ 
photoproduction on the neutron via the detailed balance 
relation: 

da(jn — > n~p) = DB do{it~p — » 771), (4) 

where DB = h(^) 2 is the detailed balance factor, the 

number i is the spin-factor weight for the process, and 
p* is the momentum in the center of mass. 
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TABLE II: Differential cross section for 771 — > ir~p (in /xb/sr) as a function of center-of-mass scattering angle and pion 
laboratory momentum (top row of header), and photon energy (bottom row of header). The quoted uncertainties are statistical 
and include the angle-dependent uncertainties due to the subtraction process and acceptance corrections. The total overall 
systematic uncertainty is about 5%. These are described in the text. 



cos #* 


238±3 MeV/c 


271±3 MeV/c 


298±3 MeV/c 


322±3 MeV/c 


355±4 MeV/c 


373±4 MeV/c 




285±3 MeV 


313±3 MeV 


338±3 MeV 


359±3 MeV 


390±4 MeV 


407±4 MeV 


-0.85 


25.5T5.6 


29.9±5.2 


15.9±3.9 


17.5T3.8 


8.5±2.8 


13.0±1.9 


-0.75 


25.2±3.1 


29.2±3.1 


18.3±2.4 


14.9±2.3 


10.1±1.8 


8.9±1.0 


-0.65 


24.9±2.6 


28.8±2.8 


23.4±2.2 


19.5±2.0 


11.4±1.5 


10.3±0.8 


-0.55 


27.2±2.3 


28.3±2.6 


23.2±2.0 


15.8±1.8 


12.0±1.4 


10.2±0.7 


-0.45 


26.4±2.2 


24.4±2.4 


23.4±1.9 


17.7±1.7 


12.9±1.4 


9.6±0.7 


-0.35 


31.0±2.2 


30.5±2.3 


19.7±1.8 


17.9±1.8 


11.1±1.3 


9.9±0.6 


-0.25 


27.7±1.9 


27.4±2.1 


21.1±1.7 


17.8±1.7 


10.4±1.3 


9.3±0.6 


-0.15 


25.6±2.0 


23.8±2.0 


21.0±1.6 


17.0±1.5 


12.6±1.4 


11.1±0.6 


-0.05 


28.4±2.0 


25.9±2.0 


24.4±1.7 


14.4±1.5 


12.3±1.3 


10.4±0.7 


0.05 


25.9±1.9 


26.5±1.9 


24.7±1.7 


17.4±1.6 


12.1±1.4 


11.7±0.7 


0.15 


24.3±1.8 


28.1±2.1 


23.4±1.7 


19.9±1.6 


13.5±1.5 


11.7±0.8 


0.25 


24.2±1.7 


23.1±2.0 


23.2±1.7 


17.1±1.7 


11.8±1.5 


11.6±0.9 


0.35 


21. Oil. 6 


22.5±1.9 


19.6±1.6 


20.9±1.8 


15.4±1.7 


12.0±0.9 


0.45 


18.9±1.6 


19.5±1.8 


20.6±1.8 


17.1±1.8 


14.6±1.7 


13.7±1.1 


0.55 


18.4±1.6 


17.6±1.9 


19.4±1.7 


16.8±1.8 


15.1±1.9 


13.4±1.2 


0.65 


14.3±1.5 


15.0±1.8 


15.6±1.9 


16.3±2.0 


14.1±2.1 


14.2±1.4 


0.75 


12.4±1.7 


15.1±2.3 


18.3±2.6 


21.4±2.8 


15.7±2.8 


11.9±1.7 



TABLE III: Continuation of Table [H] 



cos #* 


404±4 MeV/c 


472±5 MeV/c 


550±5 MeV/c 


656±6 MeV/c 


668±6 MeV/c 


678±6 MeV/c 




436±4 MeV 


501±5 MeV 


576±5 MeV 


679±6 MeV 


691±6 MeV 


700±6 MeV 


-0.85 


7.3±1.2 


10.6±1.4 


6.0±1.3 


6.2±0.9 


8.2±1.1 


4.9±1.4 


-0.75 


7.1±0.6 


5.7±0.9 


5.8±0.7 


6.4±0.6 


7.2±0.7 


7.2±0.8 


-0.65 


7.2±0.6 


6.0±0.7 


6.6±0.5 


6.2±0.4 


6.4±0.5 


6.4±0.6 


-0.55 


7.8±0.6 


6.4±0.6 


6.8±0.4 


6.5±0.3 


5.8±0.5 


6.4±0.5 


-0.45 


8.1±0.5 


5.2±0.6 


7.0±0.4 


6.8±0.3 


6.4±0.4 


6.2±0.5 


-0.35 


7.5±0.5 


6.4±0.6 


5.8±0.5 


5.6±0.4 


6.9±0.5 


6.4T0.5 


-0.25 


8.1±0.6 


6.7±0.6 


6.1±0.5 


6.0±0.4 


6.3±0.5 


5.9±0.5 


-0.15 


7.8±0.6 


5.3±0.7 


5.1±0.6 


6.1±0.6 


6.4±0.6 


6.5±0.6 


-0.05 


8.9±0.6 


7.5±0.8 


7.1±0.6 


7.2±0.5 


7.3±0.7 


7.8T0.6 


0.05 


9.9±0.7 


8.4±0.9 


7.3±0.7 


7.0±0.6 


7.4±0.7 


7.6±0.7 


0.15 


10.3±0.8 


8.4±0.9 


6.8±0.7 


6.7±0.7 


7.1±0.8 


7.3T0.8 


0.25 


9.9±0.8 


8.2±1.0 


7.0±0.8 


8.0±0.7 


8.8±0.9 


8.8T0.9 


0.35 


11.2±0.9 


8.6±1.1 


8.6±0.9 


8.9±0.9 


8.4±1.0 


10.2±1.1 


0.45 


11.2±1.1 


10.3±1.2 


9.6±1.0 


9.2±1.0 


10.4T1.2 


9.4±1.2 


0.55 


12.2±1.2 


9.4±1.4 


9.4±1.1 


10.2T1.2 


10.1T1.3 


10.5±1.4 


0.65 


12.2±1.3 


11.4±1.5 


11.7±1.3 


12.6±1.4 


9.2±1.7 


10.1±1.7 


0.75 


11.9±1.8 


15.2±2.2 


11.9±2.3 


11.5T2.5 


13.5±3.5 


12.3±3.2 



Our results in the form da/dQ^jn — > ir~p) are pre- 
sented in Tables |n] IIIII and IIVI A representative se- 
lection of angular distributions is shown in Fig. El Six 
examples of the excitation function at cos(6**) = -0.75, - 
0.65, -0.35, -0.05, 0.25, and 0.45 are shown in Fig.0 The 



enhancement at low Ej is due to the high-energy tail of 
the A(1232), and the small bump at large E 1 reflects 
the production of the 7V(1520) and iV(1535). The exci- 
tation functions at all angles reveal no bump or shoulder 
that could be indicative of the excitation of the Roper 
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TABLE IV: Continuation of Table |TT| 



cos 9* n 


691±6 MeV/c 


704±7 MeV/c 


719±7 MeV/c 


727±7 MeV/c 


733±6 MeV/c 


748±7 MeV/c 




713±6 MeV 


726±7 MeV 


740±7 MeV 


748±7 MeV 


754±6 MeV 


769±7 MeV 


-0.85 


8.6±1.7 


7.7±0.9 


9.4±1.4 


6.5±1.2 


7.7±1.9 


4.5±1.4 


-0.75 


8.3±1.0 


8.7±0.6 


6.9±0.9 


6.5±0.8 


3.9±1.3 


5.6±0.9 


-0.65 


6.4±0.7 


6.9±0.5 


6.3±0.7 


6.6±0.6 


5.0±0.9 


6.1±0.7 


-0.55 


6.5±0.5 


6.2±0.4 


6.3±0.6 


5.8±0.5 


5.6±0.6 


4.8±0.6 


-0.45 


6.6±0.5 


6.1±0.4 


6.2±0.5 


5.3±0.5 


4.9±0.5 


4.7±0.6 


-0.35 


7.0±0.5 


6.0±0.4 


6.1±0.5 


4.6±0.5 


5.2±0.5 


4.4±0.5 


-0.25 


5.2±0.5 


5.9±0.4 


5.8±0.5 


5.8±0.5 


5.7±0.5 


3.9±0.5 


-0.15 


6.9±0.6 


5.5±0.4 


6.5±0.6 


6.0±0.5 


4.9±0.6 


4.2±0.6 


-0.05 


6.7±0.7 


7.4±0.6 


5.0±0.7 


6.6±0.6 


5.7±0.7 


5.3±0.7 


0.05 


6.7±0.7 


6.9±0.6 


6.8±0.8 


6.1±0.7 


5.6±0.8 


5.0±0.8 


0.15 


6.1±0.9 


7.0±0.7 


6.0±0.9 


7.2±0.8 


5.9±0.9 


6.3±0.9 


0.25 


7.8±1.0 


8.0±0.9 


6.5±1.0 


7.1±1.0 


6.5±1.1 


6.4±1.0 


0.35 


8.5±1.1 


9.5±1.1 


10.7±1.3 


8.1±1.2 


7.3±1.3 


7.3±1.2 


0.45 


8.3±1.3 


8.8±1.2 


9.3±1.4 


7.9±1.4 


7.3±1.5 


6.5±1.4 


0.55 


10.4±1.5 


8.9±1.5 


5.9±1.7 


7.3±1.6 


7.5±1.6 


7.0±1.6 


0.65 


12.3±1.9 


10.2±1.8 


8.6±2.2 


7.6±2.0 


7.6±2.2 


7.4±2.1 



resonance. To extract electromagnetic quantities for the 
Roper resonance, one should use a multipole analysis of 
the available pion photoproduction data. This is dis- 
cussed in the next section. 

The existing data come in two types: REX, as mea- 
sured in our experiment, and 7r~-photoproduction on the 
deuteron. Our data are more numerous (300 points) than 
any of the existing REX data sets, generally agreeing 
with the photoproduction results that use the so called 
7r~ /tt + technique for extracting the tt~ -photoproduction 
data from a deuterium target jig. Statistical uncertain- 
ties, which include angle-dependent uncertainties due to 
background subtraction and acceptance corrections, gen- 
erally vary from 5% to 15%, except for the most forward 
and backward scattering angles at low momenta where 
statistical uncertainties are as large as 30% for the mea- 
surements reported in this paper. The data with larger 
uncertainties at extreme scattering angles at each beam 
momentum were eliminated if cither the background sub- 
traction was very large or the acceptance was varying 
rapidly and the resulting angle-dependent uncertainty is 
greater than 30%. An overall systematic uncertainty for 
all energy sets of about 5% is obtained, from the sum in 
quadrature of all other known factors. For details, see 
Section |V| 

Figure also displays our comparison of the predic- 
tions from the SAID PWA and the MAID [r| analyses 
of existing data. In both analyses, large disagreements 
with some older bremsstrahlung measurements |28l |29j 
are obvious, particularly at lower energies. Also plotted 
is the best- fit (SH04), based on a SAID analysis incorpo- 
rating the current set of measurements. Both the SAID 
and MAID predictions give a good qualitative represen- 
tation of the data. The CB data and curves are presented 



without any renormalization. Upon inclusion of the CB 
cross sections in the SH04 fit, the overall x 2 dropped, rel- 
ative to the SAID prediction, by only 25 (out of 327). We 
note that the structure near 700 MeV in the excitation 
cross sections of Fig.0appears sharper than predicted by 
SAID and MAID. The reproduction of this feature was 
not significantly improved in the SH04 fit. 

The new CB cross sections did not result in large 
changes to the multipole amplitudes. Examples of mul- 
tipoles on a neutron target showing typical differences 
are plotted in Fig. [S] However, when we include the re- 
sulting multipoles in a new three-parameter fit to extract 
the A\ amplitude for the Pn, a reduction from 47 ± 5 

2 

to 36 ± 7 (GeV)- 1 / 2 x 10~ 3 is seen in the A\ ampli- 

2 

tude with the uncertainty in the amplitude being mainly 
due to the non-resonant background. This value for A\ 

2 

agrees very well with the value currently quoted by the 
PDG. While these analyses were performed including all 
published data, we did experiment with the fits by re- 
moving older data that were more than 5 standard devi- 
ations from the new fit. While this process decreased the 
reduced \ 2 1° ~ 1-0, all other results remained the same. 

VII. CONCLUSION AND DISCUSSION 

We have measured a comprehensive set of differential 
cross sections at 18 energies for the inverse pion pho- 
toproduction reaction, ir~p —> 717, over an energy range 
most sensitive to contributions from the Roper resonance. 
As is evident in Fig. El the existing database for this reac- 
tion was populated by a number of measurements incon- 
sistent with the extensive SAID and MAID fits to both 
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FIG. 6: Differential cross sections for -yn -> n~p at (a) 285 MeV, (b) 338 MeV, (c) 407 MeV, (d) 436 MeV, (e) 501 MeV, (f) 
576 MeV, (g) 679 MeV, and (h) 769 MeV. The uncertainties are statistical only. Dash-dotted (solid) curves correspond to the 
GW SAID SM02 (SH04) solution Q. The MAID solutions [3 are plotted with dashed lines. Previous measurements [2ll2ll3(ij| 
are shown as open circles. 
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FIG. 7: Differential cross sections for *yn — > n p at (a) cos#* = —0.75, (b) cos#* = —0.65, (c) cos#* = —0.35, (d) cos 9* = 
-0.05, (e) cosS* = +0.25, and (f) cos (9* = +0.45. Dash-dotted (solid) curve corresponds to the GW SM02 (SH04) solution @. 
The MAID solution |l3j| predictions are plotted with dashed lines. The quoted uncertainties are statistical only. 



neutron and proton target data. Our measurements have 
verified the features of both the SAID and MAID anal- 
yses, however they disagree with some of the older data 
sets. A major accomplishment of this experiment is a 
substantial improvement in the 7r _ -photoproduction data 
base, adding 300 new differential cross sections. Inclusion 
of these new data has resulted in only small changes to 
the SAID multipole amplitudes, but a drop in the value 
of A\ was seen. 

2 

The lowest-energy differential cross section angular dis- 
tribution in Fig. El shows that the SAID and MAID fits 



are in disagreement with much of the older data, but 
are in satisfactory agreement with the current measure- 
ment. This observation reflects the fact that neither fit 
is entirely model-independent and individual data sets 
do not determine fits. Both fits use similar prescriptions 
to unitarize the Born-term background. In the MAID 
approach, resonances are added explicitly; in SAID, res- 
onance contributions are added implicitly through a pa- 
rameterization in terms of the 7rA^ T-matrix. This limita- 
tion on the form does not allow a fit to arbitrary angular 
variation, especially at lower energies, such as the back- 
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ward dip suggested by the older data at 285 MeV as is 
shown very clearly in Fig. [U.: the SAID and MAID so- 
lutions "predicted" our cross section values at 285 MeV 
despite the low values of the older data. 

The largest differences between SAID and MAID are 
visible at forward and backward angles in Fig. [f)| at the 
highest energies. Disagreements between the analyses 
and the new CB data are also enhanced in these regions, 
as we have shown in Fig. It should be emphasized 
that the differences in the multipoles are not major and 
indicate that the data base is approaching an accurate 
representation of the REX interaction over the energy 
range that covers the Roper resonance, and that one can 
certainly rely on the SAID and MAID representations at 
the 10% level. We have obtained a reduction in the A\ 

2 

amplitude for the P n (from 47±5 to 36±7 (GeV)" 1 / 2 x 
1CP 3 ) when we include our new multipoles in a three 
parameter ht. This value agrees with the value quoted 
in Table I for the PDG. The largest uncertainty in the 
amplitude extraction is due the method used to handle 
the non-resonant background in this fit. The remaining 
differences in the neutron and proton couplings for the 
Roper resonance in Table I are speculated to be due to 
the different extraction methods used by each author. 
These differences must be settled by further theoretical 
work. 

On the experimental side, further improvements in the 
PWAs await more data in the region at and above the 
7V(1535) where the number of measurements for this re- 
action is small. Of particular importance in all energy 



regions is the need for data obtained involving polar- 
ized photons and polarized targets. Due to the closing 
of hadron facilities, new ir~p — > ^yn experiments are not 
in the planning and only — > ir~p measurements are 
possible at electron facilities using deuterium or helium 
targets. Our agreement with the existing 7r~ photopro- 
duction reaction measurements lead us to believe that 
the photoproduction measurements are reliable despite 
the necessity of using a deuterium target. Plans are now 
in place to use the Crystal Ball and the polarized photon 
beam and polarized X H, 2 H, and 3 He targets at MAMI 
C to collect photoproduction data off the neutron in the 
next several years. 
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